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Abstract
We report an unexpected positive hydrostatic pressure derivative of the superconducting transition temperature in
the doped topological insulator Nb0.25Bi2Se3 via dc SQUID magnetometry in pressures up to 0.6 GPa. This result is
contrary to reports on the homologues CuxBi2Se3 and SrxBi2Se3 where smooth suppression of Tc is observed. Our
results are consistent with recent Ginzburg-Landau theory predictions of a pressure-induced enhancement of Tc in the
nematic multicomponent Eu state proposed to explain observations of rotational symmetry breaking in doped Bi2Se3
superconductors.
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1. Introduction
The pursuit of topological materials in condensed mat-
ter systems in recent years has initiated widespread re-
search into the theoretical underpinnings as well as ma-
terials realizations of this new state of matter. Following
the prediction and discovery of topological insulators [1–
4] in systems with strong spin-orbit coupling, much effort
has been spent searching for topological superconductors.
In both, topological insulators and superconductors, a gap
in the electronic band structure of the bulk coexists with
symmetry-protected gapless states residing on the surface.
In the case of topological superconductors, these gapless
surface states are predicted [5] to host Majorana fermions,
particles that act as their own antiparticle, and which are
integral to fault-tolerant quantum computing [6–8].
Currently, two routes are being pursued towards the
realization of topological superconductivity: via the prox-
imity effect at the interface between certain semiconduc-
tors displaying strong spin-orbit coupling and conventional
superconductors [9], or via chemical doping of topological
insulators such as Bi2Se3, whose topologically non-trivial
character has been experimentally confirmed by ARPES
measurements [10]. Among the bulk materials, the most
studied is the MxBi2Se3 (M=Cu, Sr, Nb) family [11–13]
formed by intercalated doping of the parent Bi2Se3 com-
pound, where the dopant ion is incorporated interstitially
∗Corresponding author: msmylie@anl.gov
in the van der Waals gap between quintuple Bi2Se3 lay-
ers. These superconducting materials, with Tc around 3 K,
have the trigonal R3¯m crystal structure innate to Bi2Se3.
As such, it was unexpected that all members of MxBi2Se3
exhibit a pronounced two-fold basal-plane anisotropy in
various superconducting quantities such as the upper crit-
ical field, Knight shift and specific heat [14–17]. Recently,
a nematic superconducting state was proposed [18–20] to
account for these experimental findings. This state arises
in a two-orbit model with odd-parity pairing and two-
dimensional Eu representation. Odd-parity Cooper pair-
ing is consistent with the recent observations of a nodal
superconducting gap in Nb0.25Bi2Se3 [21, 22], with magne-
tization measurements [23], with Andreev reflection spec-
troscopy [24] and with the effects of pressure [25–27] on the
superconducting state. Pressure-induced superconductiv-
ity [28] is also observed in the parent compound Bi2Se3
and remarkably stable reemergent superconductivity [29]
is observed in SrxBi2Se3 at high pressure, concurrent with
a structural phase transition.
Here, we report on the dependence of Tc on hydro-
static pressure in single crystal Nb0.25Bi2Se3. Contrary
to CuxBi2Se3 and SrxBi2Se3, Tc of Nb0.25Bi2Se3 continu-
ously increases with pressure up to ∼0.6 GPa. We discuss
these results in terms of a nematic superconducting state
of Nb0.25Bi2Se3.
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Figure 1: Normalized diamagnetic transitions in the polycrystalline
Pb sample used as a manometer in the pressure cell under different
applied hydrostatic pressures with H = 2 G. Run #1 refers to zero
applied pressure. From the values of the transition temperature,
taken as the midpoint (dashed line) of the transition, we deduce the
actual pressures of runs #2 through #5.
2. Methods
High quality samples of Nb0.25Bi2Se3 were grown by
the method of Ref. [13]. Crystals cleave naturally along
the ab plane of the R3¯m lattice and several ∼800x800x200
µm3 crystals were cut from as-grown ingots; a photo of
the crystal selected for pressure measurements is shown in
the inset of Fig. 1. The superconducting transitions of
the crystals were screened using resistivity and magneti-
zation measurements. A home-built SQUID magnetome-
ter with milli-Gauss background field [30] was employed
for determining the superconducting transition tempera-
ture from field-cooled and zero-field-cooled magnetization
curves. The samples consistently showed Tc ∼ 3.4 K with
complete superconducting shielding fraction.
Pressure dependent measurements were performed in a
Quantum Design MPMS R©. For these measurements, the
remnant field in the superconducting magnet was care-
fully measured with a Pd reference sample and sufficient
counter field was applied to reduce it to under 0.1 G in
order to avoid spurious effects stemming from the strong
field dependence of Tc (see Fig. 3). Pressure measure-
ments were performed in a CuBe pressure cell, part of the
Almax easyLab Mcell 10 R© attachment for the MPMS. The
pressure is applied hydrostatically in the CuBe Mcell by
two small zirconia pistons, which compress a 3mm diame-
ter Teflon capsule containing the sample and a proprietary
nonmagnetic pressure transmitting medium. Additionally,
a small piece of high quality Pb was included in the capsule
to act as a manometer. In the Mcell 10 attachment, the
pressure dependent superconducting transition curve of a
small Sn sample is typically used to obtrain the pressure in
the cell. However, since the curve [31] for Sn nearly over-
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Figure 2: Resistivity of a single crystal of Nb0.25Bi2Se3; results on
all crystals are similar. There is a sharp superconducting transition
at ∼3.25 K. The lower inset shows the superconducting transition
on an expanded scale revealing a transition width ∆Tc < 0.5 K. The
upper inset shows a photograph of the crystal selected for pressure
cell measurements.
laps with the transition of our Nb0.25Bi2Se3 crystals, we
replaced Sn with a high-quality polycrystalline Pb sample.
Fig. 1 shows the normalized diamagnetic transition of Pb
with increasing pressure from zero (black, #1) to maxi-
mum (blue, #5). The transition decreases with pressure
while the transition width remains narrow. We estimate
the pressure of the cell using a Tc suppression rate [32]
of -0.386 K/GPa deduced from the Pb sample. We note
that the pressure dependence is reversible on increasing
and decreasing pressure, with the recovery of the original
Tc following reduction to zero pressure.
For transport measurements, Au electrical contacts were
evaporated onto freshly cleaved samples in a conventional
4-point arrangement, and Au-leads were attached with sil-
ver epoxy.
3. Results
Fig. 2 shows the temperature dependence of the resis-
tivity of a 470x220x40 µm3 crystal. The material is metal-
lic with a residual resistivity ratio R250K/R4K ∼ 6 and a
fairly low residual resistivity, ρ0 ∼ 0.25 mΩ∗cm. The ob-
servation of quantum oscillations in similar crystals [33] is
taken as evidence of the high purity of this material. Using
a single-band Drude model, the electron mean free path l
is given as l = m∗vF /(ne2ρ). Here, m∗, vF , e, ρ and n
are the effective mass, Fermi velocity, electron charge, re-
sistivity, and carrier concentration, respectively. Using m∗
= 0.15 and vF = 7x10
5 m/sec from dHvA measurements
(average values from [33]), ρ0 = 0.25x10
−4 Ω*cm from Fig.
1, and n= 1.5x1020 cm−3 from Hall measurements [13, 33],
we obtain l ∼ 50 nm. Alternatively, the mean free path
can also be estimated from l = vF τ. Using the average
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Figure 3: Normalized diamagnetic transitions in the single crystal of
Nb0.25Bi2Se3 selected for pressure measurements in various applied
fields with H // c. Tc is rapidly suppressed with field.
value for the scattering time of τ = 4.8x10−14 s from [33],
we find l ∼ 35 nm. Due to the simplifications underlying
the Drude model and to the uncertainty in the actual elec-
tronic structure of Nb0.25Bi2Se3, these estimates should be
considered as an order-of-magnitude estimate. Neverthe-
less, experimental evidence suggests that Nb0.25Bi2Se3 is
a clean superconductor such that l > ξ with the coherence
length ξ ∼ 19 nm as determined from the c-axis upper
critical field [21].
As Hc1 is only ∼75 G in this material [21], careful mea-
surement of the Tc suppression in small applied fields was
performed. Results are shown in Fig. 3 for several fields
with H // c. For the pressure dependent measurements we
chose a field of 2 G.
Figure 4 shows the normalized diamagnetic transition
of Nb0.25Bi2Se3 with increasing pressure from 0 to 0.56
GPa in applied fields of 2 G with H // c. The supercon-
ducting transition shifts clearly to higher temperatures as
pressure is increased, with an approximate rate of 0.47
K/GPa. At the same time, the transition remains sharp
and parallel.
4. Discussion
The main result of our study is shown in Fig. 5, where
we plot the percentage increase in Tc (taken at the mid-
point of the transition) as function of pressure, and com-
pare it with values for related compounds obtained from
the literature [25–27]. Our measurements demonstrate
that Nb0.25Bi2Se3 is the only one with an initial positive
dTc/dP , while all others in this material class show nega-
tive dTc/dP , with SrxBi2Se3 showing the fastest suppres-
sion at high pressure. However, at low pressure, Tc of
SrxBi2Se3 is essentially pressure-independent (see Fig. 5)
possibly displaying a (unresolved) very small enhancement
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Figure 4: Diamagnetic transitions in a single crystal of
Nb0.25Bi2Se3 with increasing pressure in H = 2 G with H // c.
There is noticeable increase in Tc for all pressures.
in Tc at the lowest pressures. In a simple model for a low
carrier density superconductor, the transition temperature
will be dependent on the carrier concentration n and the
effective mass m∗ as Tc ∼ ΘDe1/N(0)V0 where the density
of states N(0) ∼ m∗n1/3 and V0 is the effective interac-
tion parameter [34]. The observation of an increase in Tc
suggests an increase in either or both the effective mass
and the carrier concentration with pressure. In the par-
ent compound Bi2Se3, the carrier concentration increases
with pressure [28] leading to pressure-induced supercon-
ductivity. In CuxBi2Se3, a decrease of the carrier concen-
tration and thus N(0) with pressure has been observed
[25], and band structure analysis of SrxBi2Se3 suggests a
decrease in the density of states with increasing pressure
[27]. An analysis based on Ginzburg-Landau theory [18] of
the proposed unconventional Eu pairing symmetry for the
MxBi2Se3 family of superconductors suggests that there is
a linear coupling between in-plane uniaxial strain and the
superconducting order parameter, such that a small strain
should enhance Tc. The hydrostatic pressure derivative
is given as dTcdP = Σi
∂Tc
∂σi
, where σi is the stress in direc-
tion i. Thus, within the model of a nematic supercon-
ductor, a net positive pressure derivative will arise as long
as the c-axis uniaxial pressure derivative is not too large
and negative. Hence, this model will imply that the data
presented in Fig. 5 represent large, negative c-axis uni-
axial pressure derivatives for CuxBi2Se3 and SrxBi2Se3.
We also note that quantum oscillation and ARPES mea-
surements [33, 35] on CuxBi2Se3 and SrxBi2Se3 indicate a
Fermi surface composed of a single elliptical sheet centered
at the Γ-point whereas quantum oscillation measurements
on Nb0.25Bi2Se3 give indication of additional small elec-
tron pockets which might be highly susceptible to pres-
sure.
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Figure 5: Comparison of fractional change in superconducting
transition temperature vs applied hydrostatic pressure in multiple
members of the superconducting MxBi2Se3 family, with data for
M=(Cu,Sr) obtained from Refs. [25–27]. Unlike for M=(Cu,Sr),
negative dTc/dP is not observed in M=Nb, and no trend towards
saturation is approached within the measured range of applied pres-
sure.
5. Summary
The study of pressure-dependent effects on the super-
conducting state is a unique tool to probe for unconven-
tional superconductivity. Here, we presented the first find-
ing of an unexpected positive pressure dependence of Tc in
Nb0.25Bi2Se3, amid recent reports of smooth Tc suppres-
sion with pressure in related materials [25–27, 29], indi-
cating potential differences in the electronic structure of
these materials.
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